Background. Escherichia coli K1 is the most common gram-negative bacterium causing neonatal meningitis, but the mechanisms by which E. coli K1 causes meningitis are not clear.
vous system (CNS) [4, 5] . Bacterial invasion into the CNS subsequently results in inflammation and intracranial complications, such as pleocytosis, BBB disruption, and neuronal injury [3, 6, 7] .
It is well known that virulence factors are usually clustered together in the bacterial chromosome and form so-called genomic islands [8] . Besides pathogenic factors, genomic islands may also contain genes that contribute to general adaptability, fitness, and competitiveness of the bacteria in a specific niche [9, 10] . Genomic islands of pathogenic E. coli are composed of large genomic regions and can be distinguished through genome sequence comparison of pathogenic strains with nonpathogenic strains [11] .
E. coli K1 strain RS218 is a prototype strain for neonatal meningitis, and it has a larger genomic size than the laboratory K-12 strain MG1655 [12, 13] . In the present study, we performed a comparative genome analysis of 2 genomes and identified 22 E. coli RS218-derived islands (RDIs). To study the role of each island in the development of meningitis, we deleted 21 of 22 RDIs from the E. coli RS218 genome and examined RDI deletion mutants for phenotypes relevant to the pathogenesis of E. coli meningitis. We report that 9 RDI deletion mutants exhibited significant defects in у1 phenotype. These results provide a list of virulence-factor candidates associated with different stages of meningitis development and will have a significant impact on future investigations of E. coli K1 meningitis.
MATERIALS AND METHODS
Bacterial strains. E. coli RS218 str is a spontaneous streptomycin-resistant mutant of E. coli RS218 (O18:K1:H7) that was isolated from the cerebrospinal fluid (CSF) of a neonate with E. coli meningitis [14] . E. coli E44 is a spontaneous rifampinresistant mutant of E. coli RS218. E. coli K-12 strain HB101 is a laboratory strain that is used as a negative control for in vitro infection experiments.
Identification of E. coli RDIs. The presence and boundaries of E. coli RDIs were determined by sequence alignment between the published E. coli MG1655 genome and the draft sequence of E. coli RS218 (available at: http://www.genome .wisc.edu/sequencing.htm). For practical reasons, we set the minimal island length cutoff as 10 kb, which subsequently generated 22 E. coli RDI sequence segments. The prediction of coding sequences (CDSs) inside each island was conducted using a prokaryotic gene finder, EasyGene [15] . We combined query results from InterPro and GenBank, and each predicted CDS was assigned to the putative functions.
Construction of E. coli RDI deletion mutants. RDI 21 and 22 deletion mutants were constructed using a "scarless" deletion method [16] . Briefly, deletion alleles were constructed with polymerase chain reaction (PCR) and were cloned into a suicide vector carrying antibiotic resistance genes and the recognition site of meganuclease I-SceI. This suicide plasmid was then integrated into the E. coli RS218 genome by homologous recombination between the mutant and wild-type alleles. Subsequently, the meganuclease I-SceI gene from the helper plasmid was induced to stimulate the resolution of this chromosomal cointegrate by the introduction of a unique double-strand break into the chromosome. This resolution via intramolecular recombination of the allele pair resulted in either a mutant or a wild-type chromosome, which was distinguished by allele-specific PCR screening. Both deletions were confirmed by PCR with screening primers and by sequencing of PCR products.
Because the scarless deletion method is relatively time consuming and labor intensive, we deleted other RDIs except for RDI 9, 10, and 15, using a simpler "1-step PCR" approach [17] . Briefly, each RDI was replaced with a chloramphenicol cassette that was PCR synthesized with long primers based on the antibiotic-resistance gene in the template plasmid. Both primers had 50-nt extensions that were homologous to boundaries of the targeting island. After electroporation into E. coli RS218, the island was replaced with the chloramphenicol cassette via homologous recombination, which was facilitated by use of the l Red system [18] . Subsequently, chloramphenicol was used to identify mutants, and correct island replacement was confirmed as described above. RDI 9, 10, and 15 could not be deleted from E. coli RS218 by use of the methods described above. Subsequently, we constructed RDI 9, 10, and 15 deletion mutants using an adapted P1 transduction-mediated DNA fragment-replacement approach [19] . Briefly, each corresponding RDI fragment in E. coli MG1655 was replaced with a kanamycin-resistance cassette by use of the 1-step PCR gene-inactivation method described above [17] . The P1 bacteriophage-transducing lysates of the constructed E. coli MG1655 mutants were constructed via P1 bacteriophage growth on each K-12 mutant in soft agar, and these were used to infect wild-type E. coli E44. After infection, kanamycin was used to screen E. coli E44 mutants. The resulting RDI deletion mutants were confirmed by the loss of specific marker genes inside corresponding islands and integration of K-12 flanking DNA fragments in E. coli E44.
Tissue cultures and in vitro infection experiments.
Both primary and immortalized human brain microvascular endothelial cells (HBMECs) were cultured and used for bacterial binding and invasion assays as described elsewhere [20, 21] . Briefly, for binding assays, confluent HBMECs in 24-well tissueculture plates (Corning Costar) were incubated with 7 1 ϫ 10 cfu of E. coli at an MOI of 100 for 90 min at 37ЊC. Monolayers were washed 3 times with PBS and were lysed with sterile water for 30 min at room temperature. The released bacteria were enumerated by plating on sheep blood agar plates. Results were calculated as a percentage of the initial inoculum and were expressed as the percentage relative binding rate, compared with the percentage binding rate of strain RS218 str or E44. The binding rates of strains RS218 str and E44 ranged from 14.3% to 22.0%, and E. coli K-12 strain HB101 consistently showed !0.1% binding.
For invasion assays, HBMEC monolayers were incubated with cfu of E. coli for 90 min as described above. Monolayers 7 1 ϫ 10 were washed once and then were incubated for 1 h with experimental medium that contained gentamicin (100 mg/mL), to kill extracellular bacteria. The monolayers were washed with PBS for 3 times and were lysed with sterile water, and the released internalized bacteria were enumerated as described above. Results were expressed as the percentage relative invasion rate, compared with the percentage invasion rate of strain RS218 str or E44. The invasion rates of RS218 str and E44 ranged from 0.1% to 0.6%, and E. coli K-12 strain HB101 showed !0.01% invasion.
Rat model of E. coli bacteremia. E. coli bacteremia was induced in 5-day-old rats by subcutaneous (sc) injection of E. coli, as described elsewhere [22] . Briefly, outbred, pathogenfree pregnant Sprague-Dawley rats with timed conception were purchased from Charles Rivers Breeding Laboratories. The rats gave birth in our vivarium 5-7 days after arrival. At 5 days of age, all members of each litter were randomly divided into designated experimental groups to receive, sc, cfu of E. 6 1 ϫ 10 coli RS218 str or E44 or the deletion mutants. At 18 h after bacterial inoculation, blood specimens were obtained for quantitative cultures as described elsewhere [22] . Bacterial counts in the blood of 5-day-old rats infected with either E. coli RS218 str or E44 were found to be similar, and the data were combined. Rat experiments were approved by the Johns Hopkins University Animal Care and Use Committee and were performed in accordance with institutional guidelines.
RESULTS AND DISCUSSION
Identification and annotation of E. coli RDIs. On the basis of genomic sequence alignment with E. coli MG1655, we identified 22 genomic islands that were present in meningitis-causing E. coli RS218 but were absent in the nonpathogenic E. coli MG1655 genome. Their size and characteristics are summarized in table 1. The total length of these RDIs was ∼793 kb, which replaced ∼80 kb of MG1655-specific sequences. The actual chromosomal size difference between RS218 and MG1655 was ∼450 kb, which was slightly smaller than the previously estimated size difference (∼522 kb) [13] . Genomic islands are frequently associated with tRNA genes, and they contain mobility genes coding for integrases or transposases that are required for chromosomal integration and excision [8, 23] . Among these 22 identified RDIs, 5 include a P4-family integrase and are directly adjacent to tRNAs (RDI 4-serX, RDI 9-asnT, RDI 10-asnW, RDI 12-argW, and RDI 21-leuX). In addition, 3 islands (RDI 8, 9, and 10) have higher percentages of GC, whereas 5 others (RDI 7, 12, 16, 21, and 22) have markedly lower percentages of GC, compared with the whole E. coli RS218 genome. This evidence suggests that RDIs are acquired through horizontal gene transfer.
Meningitis and urinary-tract infection (UTI) are 2 predominant forms of human extraintestinal E. coli infection. Sequence alignment of 22 RDIs with a sequence of the UTI strain CFT073 genome revealed that 7 of them (RDI 9, 10, 11, 13, 17, 19, and 20) were present in CFT073 (table 1) . Six other RDIs (RDI 2, 4, 5, 6, 15, and 16) were also present in the CFT073 genome, but with an insertion, deletion, or substitution of large DNA segments (table 1) . In addition, we aligned these 22 RDIs with sequences of other E. coli strains and related microbes whose genomes were completely sequenced, such as Salmonella, Yersinia, and Shigella species. Seven of the islands (RDI 1, 2, 3, 6, 8, 9, and 18) were also found in intestinal E. coli and other related bacteria. There were 5 islands (RDI 7, 12, 14, 21, and 22) that were specific to RS218 and were absent in other genomes.
We also performed a detailed in silico analysis on each predicted CDS located in the islands. Putative functions were assigned to each CDS on the basis of their sequence similarity to previously annotated genes. Clearly, virulence factor profiles vary among RDIs. Collectively, these virulence factors are composed of several fimbrial and nonfimbrial adhesins, 3 types of protein secretion systems, different invasins, modulins, and cytotoxins, 5 iron acquisition systems, and varieties of other virulence factors (table 2). We hypothesize that these genomic islands enhance the virulence potential of E. coli RS218 for meningitis.
Constructions and characterization of RDI deletion mutants. Although genomic sequence comparison generated a long list of putative virulence factors, it did not give us affirmative evidence about which of these virulence potentials are relevant to the pathogenesis of E. coli meningitis. On the basis of in silico analysis results, we constructed 21 island deletion mutants out of 22 RDIs. It is noteworthy that all of the island-associated anchor tRNAs remained intact in the corresponding island deletion mutants (table 1) . Despite repetitive attempts, we failed to create RDI 6 deletion mutants-this is an island composed of a CP-933-like cryptic prophage. It is unclear why deletion of this island could not be achieved.
We examined RDI deletion mutants for their involvement in pathogenic steps critical to the development of E. coli meningitis (tables 3 and 4). These include (1) a high level of bacteremia (i.e., their ability to survive and multiply in the bloodstream of neonatal rats), (2) their ability to bind to HBMECs, and (3) their ability to invade HBMECs. Attenuation of any of these phenotypes would indicate a direct or indirect involvement of the particular RDI in the pathogenesis of E. coli meningitis.
The growth characteristics of these RDI mutants were also evaluated. The growth rates of all mutants were comparable to that of wild-type E. coli RS218, except for that of the RDI 7 deletion mutant, which had slower growth than the parental strain. The doubling time of this mutant was 55 min in static brain-heart infusion broth at 37ЊC, compared with 32 min for E. coli RS218. Interestingly, this mutant was also defective in bacteremia induction and HBMEC binding and invasion (tables 3 and 4). RDI 7 is located at a terminus of the E. coli genome and is composed of a truncated fimbriae-like gene cluster and a filamentous prophage CUS-1 [25] . It is unclear whether the slow growth of RDI 7 mutant is correlated with its other defects. Additional studies are required to elucidate the molecular basis of those defects associated with RDI 7 mutant.
Evaluating RDIs in the induction of a high level of bacteremia. Four island deletion mutants-RDI 4, 7, 16, and 21-exhibited impaired abilities to induce a high level of bacteremia in 5-day-old rats (table 3) . Wild-type E. coli RS218 caused bacteremia of ∼ cfu/mL of blood in 5-day-old 8 1 ϫ 10 rats 18 h after the sc injection of cfu. Bacterial counts 6 1 ϫ 10 The presence or absence of this island is based on genomic sequencing of RS218 and literature [39] . NA, not available.
in the blood of 5-day-old rats infected with RDI 4 and 7 deletion mutants were decreased by 12 log. Strikingly, RDI 16 and 21 deletion mutants reduced the magnitude of bacteremia by 15 log. In fact, there was no detectable bacteremia in any of the 5-day-old rats infected with the RDI 21 deletion mutant. RDI 4 is similar to a previously identified island in uropathogenic E. coli 536 known as PAI-III 536 [26] . Several putative virulence factors are located in this island, including S fimbriae (the sfa gene cluster), the iron acquisition system (the iro operon), the hemin/hemoglobin utilization gene (hmuR), and antigen 43 (ag43) (tables 2 and 3). Deletion of iroN from the iro operon in strain C5 (O18:K1:H7), another E. coli K1 strain isolated from the CSF of a neonate with meningitis, resulted in a similar decrease in bacteremia in neonatal rats [27] . The IroN protein is an outer-membrane receptor for several siderophores, including salmochelin [28, 29] . Salmochelin S2 and S4, which are synthesized and transported with iroBCD, were glucosylated and served as a better source of iron than enterochelin in blood because the latter lacked serum albuminbinding properties [29, 30] . It is likely that the loss of the iron acquisition operon iro is responsible for the decreased bacteremia associated with the RDI 4 deletion mutant.
RDI 16 includes the genes required for sialic acid biosynthesis (neu operon), polysialic acid assembly and exportation (kps operons), and a type II secretion system (gsp2 operon). Expression of the neu and kps operons is responsible for K1 capsule biosynthesis. The K1 capsule is well known for its role in protecting bacteria from serum-and polymorphonuclear leukocyte -mediated killing [31] . The degree of bacteremia caused by the RDI 16 deletion mutant was consistent with that of our previous study using K1 capsule-negative E. coli [22] , which indicates that the impaired ability of RDI 16 mutant to induce a high level of bacteremia is related to loss of the K1 capsule.
Deletion of RDI 21, the largest genomic island detected in E. coli RS218, resulted in the most striking reduction in bacterial counts in the blood of neonatal rats. RDI 21 is located near the leuX locus and is a mosaic construct of UTI strain E. coli 536 PAI-I, PAI-II, and RS218-derived DNA segments [32] . Given the insertion locus leuX and virulence-factor profiles (i.e., the presence of hek, pap, hly, and cnf1), RDI 21 is probably similar to the genetic island PAI-I C5 described elsewhere [33] , although RDI 21 is ∼20 kb larger. Spontaneous deletion of PAI-I C5 in strain C5 resulted in a decreased magnitude of bacteremia induction [33] . Recently, the RDI 21 deletion mutant was found to be type 1 fimbrial molecular switch locked-ON due to the constitutive expression of a novel invertase HbiF in E. coli [34] . HbiF-dependent type 1 fimbriation was responsible for the failure of this mutant to induce bacteremia in infant rats. It remains to be investigated which factors inside RDI 21 are responsible for the induction of HbiF invertase. Examining RDIs for their involvement in binding to and invasion of HBMECs. Six island deletion mutants-RDI 1, 7, 12, 13, 20, and 22-were defective in their abilities to bind to and/or invade HBMECs (table 4) . Compared with those of the wild-type E. coli RS218, the RDI 7, 12, 13, and 20 deletion mutants exhibited HBMEC binding rates of 38%-65%. Similarly, compared with those of the wild-type E. coli RS218, the RDI 1, 7, 12, 13, 20, and 22 deletion mutants exhibited HBMEC invasion rates of 35%-59%.
The RDI 1 deletion mutant exhibited a defect only in HBMEC invasion, which suggests that this island contributes to the internalization of E. coli RS218 into HBMECs. RDI 1 is identical to the previously identified island in avian pathogenic E. coli BEN2908, PAI-I (GenBank accession number AY395687). This island contains an IcmF-associated homologous protein (IAHP) gene cluster, which is a set of genes widely distributed among gram-negative bacteria [35] [36] [37] . Two genes, icmF and icmH (dotU), are highly prevalent in the IAHP cluster. A defect in either or both of these genes in Legionella species resulted in defects in entry and intracellular growth in human macrophages and in avoidance of fusion with endosomal compartments [35, 36, 38] . However, deletion of these genes in E. coli RS218 did not result in defects in HBMEC invasion (data not shown).
The RDI 12 deletion mutant exhibited an HBMEC binding defect without a defect in the invasion of HBMECs. RDI 12 is a prophage island unique to E. coli RS218 that is also referred as "CUS-3 prophage" [39] (table 1) . Most CDSs in RDI 12 are phage related, except for siaL (which encodes an endosialidase) and siaO (which encodes an O-acetyltransferase). Contributions of sialidase to host cell adherence were demonstrated in Streptococcus pneumoniae, in which this enzyme desialylated host proteins and exposed the host surface for bacterial binding [40, 41] . However, deletion of siaL in E. coli RS218 did not affect its ability to bind to HBMECs (data not shown). The basis for the contribution of RDI 21 to HBMEC binding is unclear.
RDI 13 and 20 deletion mutants exhibited defects in both HBMEC binding and invasion, which suggests that RDI 13 and 20 contribute to HBMEC adherence and subsequently affect HBMEC invasion. RDI 13 is present in the CFT073 genome and homologous to a widely distributed pathogenic island in several subspecies of Salmonella enterica [42] . RDI 13 is composed of ratA and sivHI operons. SivH protein is an intestinal colonization factor for Salmonella species [42] . sivH has been shown to contribute to Salmonella colonization of the Peyer's patches of BALB/c mice. RDI 20 is composed of 2 transcriptional units: a hip-like operon and fatty-acid metabolic genes. The hip-like operon contains 2 CDSs, organized similarly to the toxin-antitoxin organization in the hip operon. It remains to be determined which factors in RDI 13 and RDI 20 are involved in E. coli RS218 adherence to HBMECs.
The RDI 22 deletion mutant exhibited a defect only in HBMEC invasion, which suggests that this island contributes to E. coli RS218 invasion of HBMECs. RDI 22 has been sequenced and previously identified as the GimA island [43] . The ibeA gene is located in this island. IbeA is a previously identified determinant responsible for RS218 invasion of HBMECs in vitro and traversal of the BBB in vivo [44, 45] . Thus, the HBMEC invasion defect of the RDI 22 deletion mutant is likely to be the result of an ibeA deletion.
Recently, we conducted a comparative genomic hybridization (CGH) assay of 9 representative E. coli K1 strains isolated from blood and CSF, including strain RS218, using an E. coli DNA microarray [46] . This DNA microarray was designed on the basis of publicly available genomic sequences, such as E. coli K-12 strain MG1655, 2 O157:H7 strains, uropathogenic strain CFT073, and meningitis-causing or uropathogenic E. coli-specific virulence gene and pathogenicity island sequences from GenBank [47, 48] . The distribution of those pathogenic RDIs among those E. coli K1 strains is summarized in table 5. As expected, because this island harbors the K1 capsule biosynthesis gene cluster, RDI 16 was present in all E. coli K1 strains. The other pathogenic RDIs occurred largely in phylogenetic group B2 strains. For example, RDI 1, 7, 13, 20, and 22 appear to have been widely distributed among this group of E. coli K1 strains. Previous studies using PCR, dot-blot, and Southernblot assays suggested that PAI III 536 -like, PAI II J96 -like, and GimA-like ectochromosomal DNA domains (ECDNAs) are highly prevalent among O18:K1 strains, the most common serogroup among meningitis-causing E. coli strains worldwide [49] . On the basis of their virulence signatures, those ECDNAs correspond to RDI 4, 21, and 22. The distribution of these 3 islands among O18:K1 strains, according to the results of the CGH assay, is consistent with previous findings (table 5) [49] . The epidemiological distribution of RDI 12 has recently been evaluated using PCR, and this island was also found to be highly prevalent in meningitis-causing E. coli O18:K1 strains [39] .
In summary, we conducted a comprehensive analysis of the E. coli RS218 genome and identified 22 E. coli RS218-derived genomic islands that are absent in laboratory E. coli strain MG1655. We identified a total of 9 islands (i.e., RDI 1, 4, 7, 12, 13, 16, 20, 21, and 22) that are involved in the pathogenic process of E. coli meningitis, such as the induction of a high level of bacteremia and E. coli binding to and invasion of HBMECs (tables 3 and 4). These results provide a framework for the future discovery and analysis of microbial determinants contributing to bacteremia and meningitis caused by E. coli K1 strain RS218. In our continuing work, we have successfully constructed the RDI 6 deletion mutant using the 1-step PCR method [17] , and its phenotype is under investigation.
